Abstract: Current applications in porphyrin chemistry require the use of unsymmetrically substituted porphyrins. Many current industrial interests in optics and biomedicine require systems with either push-pull (electron donating and withdrawing groups) or amphiphilic systems (hydrophobic and hydrophilic groups). In this context we present the class of 5,10-A 2 B 2 -type porphyrins where two different substituents are positioned in diagonally opposite meso positions.
Introduction
Porphyrins are important natural products and industrially relevant dyes. Although their basic structure and chemistry has been known now for almost a century, research into their chemistry and technical and biomedical uses continues apace. Indeed, the last quarter of a century has seen an almost explosive growth of new porphyrinoid, pyrrole-based chromophores. After the landmark discovery of porphycene as a C-skeleton isomer of porphyrin by Vogel [1] and the calixphyrins [2] related to Baeyer's "Azetonpyrrol" [2b] a whole cornucopia of expanded, contracted and isomeric porphyrins, and cyclopyrroles have been -and continue to be -discovered. [2c,2d] In light of this quest for ever more elaborate porphyrinoid systems it might come as a surprise to the nonspecialist that many important classes of the chemically simpler, "true" porphyrins, i.e., 18π-aromatic tetrapyrrolic systems have remained elusive until recently. Especially the group of the so-called A x -and ABCD-type porphyrins contained several missing links. This terminology relates to the various regioisomers of meso substituted porphyrins with different residues at the methine bridges. [3] Figure 1 illustrates the constitution of selected members of the porphyrin "alphabet soup". [4] Going back only about a decade, most of the less symmetrical compounds in this series were either unknown or had been prepared merely through mixed condensations in minuscule yields. In practical terms only the symmetric 5,15-A 2 -4 and 5,10,15,20-A 4 -type 6 systems could be prepared with ease. Especially the A-2 and 5,10-A 2 -type 3 porphyrins remained almost unexplored white specks on the porphyrin landscape. The underlying problem is the propensity of pyrrole compounds to undergo acid-catalyzed scrambling reactions. [5] This negated many total synthesis approaches and even made it problematic to use preformed building blocks such as dipyrromethanes for [2+2] or [3+1] condensation reactions. The only alternative at that time was the use of mixed (aldehyde + pyrrole) condensation reactions. Nevertheless, the required chromatographic work-up and acid instability of certain groups made this prohibitive for, e. g., the ABCD-type systems 10.
In the meantime flexible total synthesis routes have been developed for many of these systems by Lindsey's group and judicious choice of the ABCD residues, their kinetic stability, steric hindrance, and the sequence of use of the individual building blocks allows the large scale preparation of many but not all desired compounds.
[6] In parallel we developed porphyrin syntheses based on the step-wise introduction of functional groups into preformed macrocycles, i.e. through functionalization reactions. This goes back to our initial observation that porphyrins can be substituted in high yield at the meso positions with organolithium reagents, [7] and by now has evolved to a strategy which utilized various organometallic reactions for the step-wise transformation of unsubstituted porphyrin (2, A = H) A-AB-ABC-ABCD-type porphyrins. [4, 8] Next to access to porphine, [9] this strategy required access to the monosubstituted porphyrins 2 and appropriate synthetic routes were developed by us based on condensation and substitution reactions. [10] Logical construction of the ABCD-type systems 10 via step-wise functionalization also required a means to introduce a second meso substituent in a neighboring meso position, i.e. a way to generate the 5,10-regioisomers. Of the two possibilities, use of an appropriate precursor, e. g., reaction of tripyrrane [11a] with pyrrole and aldehyde, or exploitation of the regioselectivity of S N Ar reactions in porphyrins, [11b] both could be used to develop an entry into the 5,10-A 2 -type systems 3. [10b,12] Thus, only the 5,10-A 2 B 2 porphyrins remained an unexplored entity in the world of meso substituted porphyrins. Here, we present general synthetic routes for the preparation of these A 2 B 2 -type porphyrins and discuss some of their properties. [13] Results and Discussion Synthetic rational and brief review of the literature: Current application developments indicate a considerable demand for unsymmetrically substituted porphyrins. Examples for this are amphiphilic porphyrins in photodynamic cancer therapy (PDT), [14a] synthons for crystal engineering and supramolecular chemistry, [14b] push-pull systems for biomimetic studies on electron transfer, [14c] and uses in optics, esp. in nonlinear optics (NLO).
[14d]
Unsymmetrical substitution is used to either position donor/acceptor residues in a manner suitable for the desired interaction or to yield systems with a strong intermolecular dipole moment to enhance optical effects. Thus, contemporary studies habitually employ 5,15-A 2 BC porphyrins 8, where B and C are used for macrocycle diversification.
Porphyrins of type 8 require a step-wise functionalization or a total synthesis. [8] While the precursor 5,15-A 2 porphyrins 4 are easily obtained in high yield [15] introduction of the two different meso substituents B and C requires first an appropriate monofunctionalization for the introduction of B (e. g., monobromination and then C-C coupling) and then introduction of C; alternatively for a one-pot reaction with R 1 Li/R 2 I is possible. [7b,7f] In a fundamental sense this yields porphyrins with an intramolecular dipole moment aligned along a 5,15 meso-meso axis (Fig. 2, 8) . The 5,10-A 2 B 2 type systems are accessible more easily. They require no selective monofunctionalization, rather a double substitution of the "free" 15,20-positions (e. g., unspecific dibromination and then C-C coupling; see Scheme 2). Here, only two different substituents (A and B) are required to construct unsymmetrical systems. Thus, in the case of electron withdrawing/donating groups porphyrins will be obtained where the dipole moment passes through the middle of two opposing β−β units (N•••N) (Fig. 2, 9) . 5,10-Disubstitued porphyrins were first reported by Longo but not characterized. [16a] In the early 21st century examples for condensation reactions, [16b] total syntheses [16c] and N-confused derivatives [16d] were reported. This was then followed by the more general methods described above for porphyrins [10b,12] and calixphyrins. [16e] This opened the possibility to use the 5,10-A 2 porphyrins as simple starting materials for the synthesis of 5,10-A 2 B 2 systems as outlined above. A few 5,10-A 2 B 2 compounds have been reported before; however, all were prepared in low yields through statistical condensation methods using pyrroles, dipyrromethanes or tripyrranes with the usual attendant problems of tedious chromatographic separation, scrambling and other limitations. [17] The only exception is Lindsey's elegant study on the development of total syntheses using diacyldipyrromethanes. This method was successfully used to prepare some compounds with aryl substitutents. [6a] Based on the current state of the art in porphyrin functionalization reactions there are several methods for the introduction of the B residue into an A 2 porphyrin. The majorities of them employs organometallic reagents and are discussed in subsequent sections.
Synthesis via RLi reactions:
Based on our earlier experience with the use of organolithium reagents for the meso functionalization of porphyrins, [7] it was logical to apply these for the current problem as well. For initial experiments we used the nickel(II)porphyrin 11, which typically shows good reactivity with RLi. In order to achieve "full" substitution of both 15,20 meso positions we used 6 equivalents of hexyllithium. Indeed, the target compound 17 was obtained in 58 %. The different reactivity of free base and metallo porphyrins became evident when a similar experiment was performed with 12. Here, a low yield of the monosubstituted porphyrin 18, i.e. an 5,10-A 2 B system, was obtained. Full, disubstitution to 19 was only achieved when the number of hexyllithium equivalents was raised to 10. A similar reactivity was found for 13 which could be transformed into 20 in 26 %. Use of nBuLi and reaction with 12 to give 21 did not improve the yield significantly, while the use of 20 equiv. of n-BuLi with 14 in the presence of TMEDA only gave the A 2 B porphyrin 22. Scheme 1. Synthesis of 5,10-A 2 B 2 -porphyrins using organolithium reagents. i) 1. R 2 Li, THF, 2. H 2 O, 3. DDQ.
Next we tried to introduce residues with functional groups using the same methodology via in situ generation of organolithium reagents. For example, reaction of 12 with 4-(N,Ndimethylamino)phenyllithium gave 23 in 71 % yield. However, the reaction is somewhat inefficient as it required 100 equivalents of RLi. Likewise the p-hydroxyphenyl derivative 24 could be prepared in good yield. Reaction of the methoxyphenylporphyrin 15 gave 25, accompanied by a small amount of 26. Likewise, the p-phenylethynyl group could be introduced into the tolylporphyrin 12 to yield 27. Finally, the free base porphyrin 16 was prepared through a condensation approach in 5 % yield and reacted with pphenylethynyllithium to 28. We also attempted the introduction of stronger electron withdrawing groups through similar reactions. However, a reaction of 12 using n-BuLi/p-bromobenzonitrile (-100 ºC) only gave only the butylated product 21. No reaction was observed with 1-bromo-4-nitrobenzene/n-BuLi and only starting material was recovered.
Synthesis via Heck reactions:
In order to expand the scope of these compounds we next turned our attention to the use of Pd-catalyzed reactions. Many of these have now been applied to porphyrin chemistry. [4] The Heck reaction [18a] was initially applied for the β-substitution of porphyrins [18b] and we were interested in preparing meso vinyl acceptor substituted porphyrins.
The Heck reaction requires a bromo-substituted coupling partner and thus preparation of bromoporphyrins was the first step. DiMagno et al. [19] had shown that 5,15-A 2 porphyrins can easily be brominated with NBS in both meso positions and the same conditions could be applied straightforwardly to the 5,10-A 2 -type systems. Using the ditolylporphyrin for exploration of this reaction it was brominated to 29. In order to prevent the incorporation of Pd from the catalysts we transformed it into the respective zinc ( 
Synthesis via Suzuki reactions:
Next we focused on applications of the Suzuki reaction for the task at hand. Suzuki reactions have been very fruitfully applied to porphyrins and offer the advantage that no prior metallation is necessary. [20] Again, bromoporphyrins are required as coupling partners and, in addition to the ones mentioned above, a few more (36) (37) (38) (39) (40) were synthesized to gain access to a broader range of A/B substituent systems. Likewise, two new 5,10-A 2 porphyrins (41,42) were prepared using condensations reactions.
By now optimized catalyst/base systems have been established for Suzuki reactions with 5,15-A 2 systems.
[20d] These could be easily applied for the modification of 5,10-A 2 porphyrins. As shown in Scheme 3 a large set of compounds could be prepared using Pd(PPh 3 ) 4 as palladium catalyst and K 3 PO4 as a base. Yields varied from 22 to 59 %, both aryl-and alkylhalgenoporphrins could be used, and reaction times from 7 to 13 h. For example, the bromotolylporphyrin 29 was reacted with 4-methoxycarbonylphenyl boronic acid for 7 h and gave 43 in 52 % yield. The best yield for this reagent was obtained for the pentylporphyrin derivative 57. The reactivity of 4-cyanophenyl boronic acid towards aryl and alkyl haloporphyrins was investigated as well. The best results of 47 % each were obtained for 44 and the (3-methoxyphenyl)porphyrin 52. Alkyl haloporphyrins, e.g., 5,10-dibromo-15,20-dipentylporphyrin or 5,10-dibromo-15,20-dihexylporphyrin gave the corresponding products 58 and 61 in 40 % yield, respectively. Even lower yields were obtained for porphyrins 48 and 49, materials synthesized from 5,10-dibromo-15,20-diphenylporphyrin 70.
Introduction of the nitrophenyl residue proceed well with good yields, e.g. for compounds 45, 50, ,53 and the alkylporphyrins 59 and 62. The 3-nitrophenyl boronic acid required longer reaction times than the 4-nitrophenyl boronic acid and gave lower yield. This was no the case for the 3-cyanophenyl versus 4-cyanophenyl reagent.
Reactions with the electron poor 2,3-difluorophenylporphyrins proceeded poorly with yield ranging from 22 to 30 %. Clearly, the Suzuki reaction provides convenient access to various 5,10-A 2 B 2 -type porphyrins. Still, some scope for optimization exists. A number of the free base porphyrins prepared from the reactions described above, were converted into the respective zinc(II) porphyrins for comparative photophysical analyses. The metalloporphyrins 63-68 were obtained through standard reactions in good yield. Scheme 3. Synthesis of 5,10-A 2 B 2 -porphyrins using Suzuki reactions. i) boronic acid or ester, K 3 PO 4 , Pd(PPh 3 ) 4 , THF, Δ.
Functionalization reactions:
The target systems can also be prepared through simple functionalization reactions. Examples for this are the partial reduction of nitro groups in, e.g., a tetranitrophenylporphyrin. [21a] Perhaps not elegant in synthetic chemistry terms such strategies offer a quick entry into various systems and have recently been used to generate 5,10-type precursors for Huisgen Cu(I) coupling chemistry.
[21b]
Other, "simple" reactions may be performed as well. For example, the Vilsmeier formylation [22a] has been used often for the modification of porphyrins. [22b-d] Using "excess" conditions it can be used to diformylate metallo octaethylporphyrins [22c] and 5,15-A 2 -type porphyrins; [22d] but mostly gives mixtures of the mono-and diformyl product. In the case of the 5,10-A 2 porphyrin 69 standard Vilsmeier-Haack formylation gave the respective 5,10-A 2 (CHO) 2 -porphyrin 70 in very good yield (77 %) and as the sole product (Scheme 4). Other possibilities for selective functionalizations are the use of (e.g., 41) organotin reactions. [23] Scheme 4. Synthesis of the diformylporphyrin 64. i) DMF, POCl 3 , dichloroethane, 50-90 °C.
Structural studies:
In order to establish some basic structural features of the 5,10-A 2 B 2 -type porphyrins a X-ray crystallographic analysis of compound 29 was performed. The molecular structure in the crystal is shown in Figure 3 . Overall, the structural properties are similar to those of 5,15-A 2 B 2 -and A 4 -type porphyrins. There is no evidence for core elongation or other changes to the core structure. For example, the core size (average N … Ct distance) is 2.064 Å and similar to that of 5, 10, 15, . [24] Similarly, the bond lengths and angles of the tetrapyrrole framework are in line with "normal" porphyrin systems.
[25] The packing of the molecules (not shown) is characterized by the formation of weak π−π aggregates in a head-to-tail fashion.
[25] Figure 3 . View of the molecular structure of 29 in the crystal. Hydrogen atoms have been removed for clarity and thermal ellipsoids show 50 % occupancy.
The conformation of the molecule is nonplanar. [25a,b] The average deviation of the 24 macrocycle atoms from their leastsquares-plane (Δ24) is 0.159 Å, slightly less than the tetragonal form of TPP. [26] The macrocycle exhibits a ruffled distortion mode, with alternate C m displacements of 0.15-0.34 Å from the 24-macrocycle atom plane. A detailed normal structural decomposition analysis (NSD) [27] reveals a more complex situation. The conformation is characterized by almost similarly strong out-of-plane contributions from sad and ruf distortions (B 1u and B 2u ), a moderate contribution from doming (A 2u ), and a minor one from wave (E gx ). With regard to in-plane distortion modes, the most significant contributor is macrocycle-breathing (A 1g ). In a first approximation this is similar to the structure of 5,10-diphenylporphyrin, [28] which exhibits less sad distortion and more wave contribution.
NLO properties:
Understanding the nonlinear absorption (NLA) properties of macrocyclic dyes is important for the development of related applications. Besides instantaneous two-photon absorption (TPA) arising at nonresonant frequencies, which has potential for 3D-microfabricatrion and multiphoton microscopy, porphyrins exhibit sequential TPA, i.e. reverse saturable absorption (RSA) and saturable absorption (SA) at resonant or close to resonant wavelengths. The latter two processes occur when the absorption arising from higher excited state is higher and lower respectively to that of the ground state. RSA has potential for use in pulse sensors and in optical limiting devices that protect sensitive optical components or the human eye from laser-induced damage. SA finds application for mode locking, laser pulse compression and laser amplification.
Our open aperture Z-scan studies at close to resonant wavelength revealed that 5,10-A 2 B 2 compounds exhibit an interesting NLO effect, which has not been observed for porphyrins in the ns regime before. The compounds exhibit pure RSA response when low laser energies inputs were used, which is a standard response commonly observed for macrocyclic dyes under such experimental conditions. However, when the input energy was increased with the onfocus intensity I 00 reaching approximately 0.4 GW cm -2 , the RSA response was observed to switch to SA in the tight focal regime. When the input energy was increased further on, with I 00 being on the order of ~0.5 GW cm -2 , a similar RSA/SA signal was detected, though with a much more pronounced SA peak. The SA response within an RSA remained highly symmetrical for all of the measurements (not shown [29] ).
Interestingly, compounds with similar substituents but in a 5,15-A 2 B 2 substitution pattern, exhibit a pure RSA response both at lower and higher inputs. [30] This clearly demonstrates that the RSA/SA switch is intrinsic to 5,10-A 2 B 2 compounds. The origin of the behavior is not understood at this stage. Most likely the RSA/SA switch is the result of absorption arising from higher excited states. Further studies are necessary in order to understand the observed switch.
Conclusion
We here present a conceptionally new class of push-pull porphyrins i.e., 5,10-A 2 B 2 porphyrins with the intramolecular dipole moment positioned along the β−β vector passing through two pyrrole rings. Starting from 5,10-A 2 precursors, numerous 5,10-A 2 B 2 compounds with varied push-pull character can be obtained using organolithium, palladium catalyzed cross coupling or other functionalization reactions. These approaches allow the synthesis in moderate to good yields and open an avenue for further studies on these yet poorly explored compounds.
In the past push-pull molecules with a similar orientation of the intramolecular dipole moment, i.e. along the β−β vector passing through two pyrrole rings were obtained through the functionalization of the β position of the porphyrin ring, e.g., in TTP derivatives. [31] In the well studied 5,15-A 2 BC compounds the pushpull character is tuned through the B and C substituents. Here, the dipole moment is aligned along the 5,15 meso-meso axis. Nevertheless, access to these 5,15-A 2 BC compounds is more complex in comparison to 5,10-A 2 B 2 as it involves firstly an appropriate monofunctionalization of the 5,15-A 2 precursor and secondly further additional steps for the incorporation of the third functional group C. In case of 5,10-A 2 B 2 compounds only two substituent are needed to introduce dipole moment, which consequently involves less steps and omits the troublesome monofunctionalization.
The 5,10-A 2 B 2 compounds are candidates for many potential applications. Inequivalent substituents can be used to bring in about an amphiphilic character of the molecule which turns those compounds into drug candidates for PDT applications. The pushpull character can be tuned via A and B substituents and makes 5,10-A 2 B 2 porphyrins an interesting group of compounds for ET studies and optics, especially NLO. Our preliminary NLO studies indeed revealed that those compounds exhibit interesting properties in this area. 5,10-A 2 B 2 type systems can also be used as crystal engineering synthons to access new supramolecular structures. For example, Maeda et al. reported recently on L-shaped porphyrin trimers which assemblies exhibited efficient ET. Those compounds were prepared via functionalization of 5,10-A 2 B 2 dibrominated precursor with appropriate 5,15-A 2 BC porphyrins. [32] 5,10-A 2 B 2 porphyrins may also serve as new ligand systems, as was shown recently for the related calixphyrins. [33] Experimental Section
General methods: Instrumentation and standard techniques used were as described elsewhere.
[8] NLO studies were carried out with open aperture Z-scan technique. [34] Experimental set-up and sample preparation details can be found elsewhere. [13] 21. 53, 22.73, 29.70, 30.28, 31.93, 38.78, 104.11, 118.95, 120.02, 120.11, 127.19, 127.58, ~131, 134.38, 134.60, 137.26, 138.81 Purification on silica gel (CH2Cl2/n-hexane = 1:1, v/v) and recrystallization from CH2Cl2/MeOH gave purple crystals (23 mg, 0.03 mmol, 22 %) . Rf = 0.55 (CH2Cl2/nhexane = 1:1, v/v) 21.50, 22.75, 30.28, 31.93, 35.65, 38.81, 118.81, 119.81, 127.38, ~128, ~131, 134.42, 139.47 5,10-Di(n-hexyl)-15,20-di(iso-butyl)porphyrin 20: 5,10-Di(iso-butyl)porphyrin 13 (30 mg, 0.07 mmol) was reacted with a 2.5 M solution of n-hexyllithium in n-hexane (0.29 mL, 0.71 mmol, 10 equiv.) following procedure B. Purification on silica gel (nhexane/ethyl acetate = 5:1, v/v) and recrystallization from CH2Cl2/MeOH gave purple crystals (11 mg, 0.02 mmol, 26 %). Rf = 0.67 (CH2Cl2/n-hexane = 2:3, v/v); m.p. 97 °C; TMS): δ = 14. 16, 22.77, 23.33, 30.29, 31.94, 35.58, 36.68, 38.66, 43.76, 117.17, 118 15, 22.73, 30.25, 31.86, 35.66, 38.83, 102.06, 121.72 5,10-Bis(4-bromophenyl)porphyrin 41: 4-Bromobenzaldehyde (0.74 g, 4 mmol) was reacted according to a procedure given before. [12] Column chromatography on silica gel (CH2Cl2/ n-hexane = 1:4, v/v) gave the 5,10,15-tris(4-bromophenyl)porphyrin 71 as the first fraction, followed by the title compound and then traces of (4-bromophenyl)porphyrin. Recrystallization from CH2Cl2/MeOH gave 46 mg (0.07 mmol, 4 %) of purple crystals. v/v) : 3, 4, 4 mmol) was reacted according to a procedure given before. [12] Column chromatography on silica gel (CH2Cl2/n-hexane = 1:1, v/v) gave the 5,10,15-tris (3,4,5-trifluorophenyl) porphyrin 72 as the first fraction, followed by the title compound and then traces of (3,4,5-trifluorophenyl) porphyrin. Recrystallization from CH2Cl2/MeOH gave 10 mg (0.02 mmol, 1 %) of purple crystals. Rf = 0.47 (CH2Cl2/n-hexane = 1:1, 131. 41, 132.32, 138.26, 148.31, 151.67 37, 118.09, 120.85, 126.80, 127.03, 127.48, 129.12, 129.76, 134.10, 137.09, 138.54, 146.66, 166.89 λmax (log ε) = 419 (4.88), 514 (3.61), 548 (3.44), 589 (3.31), 646 nm (3.38) 08, 113.20, 116.74, 120.75, 121.73, 126.97, 127.47, 134.64, 142.46, 147.34, 148.43, 157.56 = 13.35, 29.63, 32.33, 35.25, 38.21, 51.80, 116.90, 120.40, 126.79, 127.69, 129.01, 129.75, 134.04, 146.67, 166.92 = 13.71, 22.33, 29.27, 32.30, 35.29, 38.28, 111.37, 115.77, 118.62, 121.10, 130.09, 134.46, 146.69 = 13.68, 22.27, 24.91, 28.90, 29.62, 31.46, 35.41, 38.46, 51.93, 119.47, 127.49, 134 = 14.06, 22.66, 31.91, 35.70, 39.09, 112.11, 115.83, 119.11, 121.64, 130.59, 134.89, 147.13, 148.08 = 14.02, 21.38, 29.52, 77.97, 83.62, 119.79, 121.26, 127.19, 130.26, 131.43, 132.03, 134.19, 134.32, 137.09, 139.56, 143.37, 149.62 = 13.95, 29.21, 52.22, 119.46, 121.76, 127.09, 129.26, 130.05, 131.32, 132.12, 137.13, 139.50, 147.56, 149.39, 150.29, 150.48, 166.64, 167.23 = 13.95, 21.38, 29.55, 111.63, 127.27, 130.28, 131.01, 132.42, 132.84, 134.22, 134.71, 137.31, 150.40 = 55.55, 103.95, 113.35, 120.70, 121.90, 127.50, 127.63, 132.30, 132.67, 132.70, 133.18, 143.57, 148.41, 149.13, 150.79, 150.94, 158.03 35, 111.66, 113.34, 118.89, 120.38, 121.76, 127.31, 130.28, 131.17, 132.41, 134.70, 143.52, 147.54, 149.07, 149.38, 150.18, 150.50, 157.78 = 13.89, 22.54, 29.55, 55.35, 113.32, 118.05, 120.43, 121.90, 127.43, 131.11, 132.47, 134.83, 143.51, 147.55, 148.99, 149.57, 150.21, 150.56, 157 (5,10-Diformyl-15,20-diphenylporphyrinato)copper(II) 70: A 100 ml three-necked flask equipped with a reflux condenser containing anhydrous DMF (75 eq.) was charged drop wise and slowly with POCl3 (74 eq.) at 0-2 °C under an argon atmosphere. After 20 min the POCl3-DMF complex solidified. After removal of the ice-bath, 1,2-dichloroethane (5 mL) was added and the solution was heated gently to 50 °C. (5,10-Diphenylporphyrinato)copper(II) 69 was added slowly at 50 °C as a solution in 1,2-dichloroethane (25 mL). After complete addition the mixture was heated to 90 °C for 12 h. After cooling with an ice-bath a saturated aqueous sodium acetate solution was added very carefully and then the mixture was heated to 80 °C for 3 h for completion of the hydrolysis. After cooling to RT the porphyrin was extracted into CH2Cl2 (3 ×), followed by washing once with water, twice with aqueous NaHCO3, and then finally twice with brine. Finally, the organic phase was dried with anhydrous Na2SO4 and the solvent was evaporated under reduced pressure. After column chromatography on silica gel (h = 46 cm, ø = 3 cm) with CH2Cl2 the first fraction containing pure product was obtained as dark green crystals after recrystallization from CH2Cl2/MeOH (45.1 mg, 0.077 mmol, 77 %). v/v) X-ray single crystal structure determination of 29: Growth and handling of crystals followed the concept developed by Hope. [36] Intensity data were collected at 118 K with a Rigaku CCD system utilizing Mo-Kα radiation (λ = 0.71073 Å). The intensities were corrected for Lorentz, polarization and extinction effects. The structure was solved with Direct Methods using the SHELXTL PLUS program system and refined against |F 2 | with the program XL from SHELX-97 using all data. [37] Nonhydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were placed into geometrically calculated positions and refined using a ridging model. The N-H hydrogen atoms were refined as disordered over all four positions with occupancies of 50 % each. CCDC-829928 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Crystal data: C34H24Br2N4. 
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Experimental data for all compounds:
[8] NLO studies were carried out with open aperture Z-scan technique. [34] Experimental set-up and sample preparation details can be found elsewhere. [13] Starting materials: Tripyrrane, [35] and various 5,10-di(alkyl/aryl)porphyrins [10b] were prepared according to published procedures.
General procedure A -Condensation method for 5,10-A 2 porphyrins: A threenecked flask was charged with a solution of tripyrrane (1 equiv.), pyrrole (1equiv.), and the corresponding aldehyde (2.1 equiv.) in dry CH 2 Cl 2 (1 L). The mixture was shielded from light and stirred under argon for 30 min. TFA (100 %) was added and stirring was continued at RT for 16 h. This was followed by oxidation with DDQ (4 eq.), stirring for 60 min, and addition of triethylamine (1 mL). Typically, the reaction mixture was filtered through a short silica-gel column, eluting with CH 2 Cl 2 , then the solution was concentrated in vacuo and the residue purified by column chromatography on silica gel.
General procedure B -Reactions with organolithium compounds: A 250 mL Schlenk flask was charged with the porphyrin (1 equiv.) in 50 mL THF under argon. The solution was cooled to -70 °C for alkyl lithium reagents or 0 °C for aryl lithium reagents. The respective LiR compound was added drop wise over 15 min and the color changed from red to brown-green. The cold bath was removed and the solution was stirred for 30 min at RT. A mixture of 1 mL water in 5 mL THF was added and the color changed to green. The mixture was stirred for 15 min and, unless noted otherwise, oxidized with DDQ (5.5 equiv.) followed by stirring for 30 min. This was accompanied by a color change to red.
The solution was filtered through silica gel (CH 2 Cl 2 ) and the solvent removed under reduced pressure. For in situ preparation of RLi reagents n-butyllithium (2 equiv.) was slowly added (ca. 1 h) under an argon atmosphere to a 100 mL Schlenk flask charged with a solution of the bromine (1 equiv.) in 10 mL dry diethyl ether at -78 °C. The reaction mixture was then warmed up to -40 °C and THF was added drop wise until the aryllithium was formed as a bright pink suspension. To this vigorously stirred mixture was added rapidly a solution of the porphyrin (0.9 equiv.) in 80 mL dry THF under an argon atmosphere. The color of the reaction mixture changed from purple to brown within 30 min, subsequently 5 mL water in 5 mL dry THF was added for hydrolysis. After stirring the mixture for 10 min, a solution of 10-15 equiv. of DDQ in CH 2 Cl 2 was added and the reaction mixture was stirred for another 60 min at RT.
General procedure C -Bromination of 5,10-A 2 porphyrins: A 100 mL round bottom flask was charged with the porphyrin (1 equiv.) dissolved in chloroform (50 mL) and pyridine (0.2 mL) and was cooled to 0 °C. Next N-bromosuccinimide (NBS) (2.5 equiv.) was added and the solution stirred for 10 min. The color changed from red to brown-red. The reaction was then quenched via addition of 4 mL acetone. The solvent was removed under reduced pressure, the residue dissolved in CH 2 Cl 2 and filtered through silica gel (CH 2 Cl 2 ). The solvent was removed under reduced pressure and the residue was washed with MeOH and dried.
General procedure D -Insertion of zinc(II):
The free base porphyrin (1 equiv.) and zinc oxide (2-3 equiv.) were dissolved in CH 2 Cl 2 (50 mL) and treated with three to five drops of TFA. After stirring for 10 min the color changed from green to purple-red. The reaction was followed by TLC control and the solution filtered through silica gel (CH 2 Cl 2 ) and the solvent removed under reduced pressure.
General procedure E -Heck reactions: A 50 mL three-necked flask equipped with condenser was charged with the zinc(II)porphyrin (10 equiv.), sodium acetate (56 equiv.), palladium acetate (1 equiv.) and triphenylphosphine (4 equiv.) in 15 mL dry DMF under argon. Next, the respective olefin was added and the solution heated at 120 °C for 24 h. The reaction was followed by TLC control. After completion of the reaction the solution was cooled to RT mixed with CH 2 Cl 2 , washed with water (50 mL) and dried over Na 2 SO 4 . The solvent was removed under reduced pressure and the residue was dissolved in CH 2 Cl 2 . The solution was filtered through alumina (Brockmann grade III) (eluent: CH 2 Cl 2 , 1 % triethylamine) and the solvent was removed under reduced pressure. Final purification involved recrystallization from CH 2 Cl 2 /n-hexane.
General procedure F -Suzuki reactions:
A Schlenk flask was charged with K 3 PO 4 (20 equiv.) and anhydrous THF (60 mL) under an argon atmosphere, then porphyrin (1 equiv.), arylboronic acid or arylboronic ester (10 equiv.) and Pd(PPh 3 ) 4 (0.1 equiv.) were added. The reaction was heated at reflux for 7-10 h (TLC control) and protected from light. After completion, the solvent was evaporated and the residue was dissolved in CH 2 Cl 2 . The mixture was washed with saturated NaHCO 3 , water, and brine and then dried over Na 2 SO 4 . The organic solvent was evaporated and the crude product was purified by flash chromatography followed by recrystallization. δ = 14.10, 22.65, 30.05, 31.77, 34.20, 37.41, 117.58, 118.20, 126.83, 127.57, 129.51, 129.81, 131.94, 132.22, 133.62, 140.92, 141.66, 141.74, 141.97,142.03 
5-(n-Hexyl)-10,15-bis(4-methylphenyl)porphyrin
18: 5,10-Bis(4-methylphenyl)porphyrin 12 (32 mg, 0.07 mmol) was reacted with a 2.5 M solution of nhexyllithium in n-hexane (0.22 ml, 0.39 mmol, 6 equiv.) following procedure B. Purification on silica gel (CH 2 Cl 2 /n-hexane = 1:1, v/v) and recrystallization from CH 2 Cl 2 /MeOH gave purple crystals (12 mg, 0.02 mmol, 18 %). R f = 0.49 (CH 2 Cl 2 /nhexane = 1:1, v/v); m.p. 168 °C; 21.53, 22.73, 29.70, 30.28, 31.93, 38.78, 104.11, 118.95, 120.02, 120.11, 127.19, 127.58, ~131, 134.38, 134.60, 137.26, 138.81 30. 28, 31.93, 35.65, 38.81, 118.81, 119.81, 127.38, ~128, ~131, 134.42, 139.47 14. 16, 22.77, 23.33, 30.29, 31.94, 35.58, 36.68, 38.66, 43.76, 117.17, 118 .51, ~129 ppm; UV/VIS (CH 2 Cl 2 ): λ max (lg ε) = 418 (4.97), 520 (4.12), 554 (3. 
5,10-Di(n-butyl)-15,20-bis(4-methylphenyl)porphyrin 21:
Following procedure B and the details given for 27 reaction of n-butyllithium (4 mL of 2.5 M solution in n-hexane, J = 4.7 Hz, H β ), 10.14 ppm (s, 1H, H meso ); 13 C NMR (75 MHz, CDCl 3 , 25 °C, TMS): δ = 14.2, 23.7, 34.9, 40.9, 104.3, 118.8, 119.9, 120.2, 126.5, 126.8, 127.6, 128.4, 130.4, 131.0, 131.3, 131.6, 131.8, 134.4, 134.7, 141.7, 142. 
27:
Following procedure B, n-butyllithium (4 mL of 2.5M solution in n-hexane, 10 mmol) was slowly added (ca. 1h) under an argon atmosphere to a 100 mL Schlenk flask charged with a solution of p-bromophenylethyne (0.91 g, 5.0 mmol) in 15 mL of dry diethyl ether at -70 °C. The reaction mixture was then warmed to -40 ºC and THF was added drop wise until the aryllithium was formed as a white/pink suspension. To this vigorously stirred mixture was added rapidly a solution of 5,10-bis(4-methylphenyl)porphyrin 12 (56 mg, 0.125 mmol) in 50 mL of dry THF. The color of the mixture changed from deep purple to brown within 30 min, subsequently a mixture of 5 mL water in 5 mL of THF was added for hydrolysis. After stirring of the mixture for 20 min, a solution of DDQ (283 mg, 1.25 mmol) in CH 2 Cl 2 was added and the reaction mixture was stirred for another 60 min at RT. The crude product was subjected to column chromatography using CH 2 Cl 2 /n-hexane (1:1, v/v) 
{(all-E)-5,10-Bis(4-methylphenyl)-15,20-bis[4-(3-oxobut-1-enyl]porphyrinato}zinc(II) 33:
[5,10-Dibromo-15,20-bis(4-methylphenyl)porphyrinato]zinc(II) 30 (77.7 mg, 0.11 mmol) was reacted with methyl vinyl ketone (0.57 ml, 7.02 mmol) following procedure E to yield purple crystals (35 
{(all-E)-5,10-Bis(4-methylphenyl)-15,20-bis[2-(3-nitrophenyl)vinyl]porphyrinato}zinc(II) 34:
Following the general procedure E, [5,10-Dibromo-15,20-bis(4-methylphenyl)porphyrinato]zinc(II) 30 (100 mg, 0.140 mmol), was dissolved in DMF (50 mL) under a nitrogen atmosphere. The 3-nitrostyrene (1.36 mL, 9.8 mmol), sodium acetate (65 mg, 0.784 mmol), palladium acetate (3.1 mg, 0.014 mmol) and triphenylphosphine (14.7 mg, 0.056 mmol) were added and the temperature was raised to 120 °C for 16 h (TLC control). The crude product was extracted with CH 2 Cl 2 and washed with water. The product was purified by silica gel column chromatography using CH 2 Cl 2 /n-hexane (1:1, v/v) and gave 70 mg (0.082 mmol, 60 %) of the desired compound after recrystallization from CH 2 Cl 2 /MeOH. R f = 0.12 (CH 2 Cl 2 /n-hexane = 13.86, 22.71, 29.40, 32.40, 35.24, 38.25, 101.90, 121.45 15, 22.73, 30.25, 31.86, 35.66, 38.83, 102.06, 121.72 5,10-Bis(4-bromophenyl)porphyrin 41: 4-Bromobenzaldehyde (0.74 g, 4 mmol) was reacted according to a procedure given before. [12] Column chromatography on silica gel (CH 2 Cl 2 / n-hexane = 1:4, v/v) gave the 5,10,15-tris(4-bromophenyl)porphyrin 71 as the first fraction, followed by the title compound and then traces of (4- 5,10-Bis(3,4,5-trifluorophenyl)porphyrin 42: 3,4,5-Trifluorobenzaldehyde (0.64 g, 4 mmol) was reacted according to a procedure given before. [12] Column chromatography on silica gel (CH 2 Cl 2 /n-hexane = 1:1, v/v) gave the 5,10,15-tris (3,4,5-trifluorophenyl) porphyrin 72 as the first fraction, followed by the title compound and then traces of (3,4,5-trifluorophenyl) (5,10-Diformyl-15,20-diphenylporphyrinato)copper(II) 70: A 100 ml three-necked flask equipped with a reflux condenser containing anhydrous DMF (75 eq.) was charged drop wise and slowly with POCl 3 (74 eq.) at 0-2 °C under an argon atmosphere. After 20 min the POCl 3 -DMF complex solidified. After removal of the ice-bath, 1,2-dichloroethane (5 mL) was added and the solution was heated gently to 50 °C. (5,10-Diphenylporphyrinato)copper(II) 69 was added slowly at 50 °C as a solution in 1,2-dichloroethane (25 mL). After complete addition the mixture was heated to 90 °C for 12 h. After cooling with an ice-bath a saturated aqueous sodium acetate solution was added very carefully and then the mixture was heated to 80 °C for 3 h for completion of the hydrolysis. After cooling to RT the porphyrin was extracted into CH 2 Cl 2 (3 ×), followed by washing once with water, twice with aqueous NaHCO 3 , and then finally twice with brine. Finally, the organic phase was dried with anhydrous Na 2 SO 4 and the solvent was evaporated under reduced pressure. After column chromatography on silica gel (h = 46 cm, ø = 3 cm) with CH 2 Cl 2 the first fraction containing pure product was obtained as dark green crystals after recrystallization from CH 2 Cl 2 /MeOH (45.1 mg, 0.077 mmol, 77 %). R f = 0.4 (CH 2 Cl 2 /n-hexane X-ray single crystal structure determination of 29: Growth and handling of crystals followed the concept developed by Hope. [36] Intensity data were collected at 118 K with a Rigaku CCD system utilizing Mo-K α radiation (λ = 0.71073 Å). The intensities were corrected for Lorentz, polarization and extinction effects. The structure was solved with Direct Methods using the SHELXTL PLUS program system and refined against |F 2 | with the program XL from SHELX-97 using all data. [37] Nonhydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were placed into geometrically calculated positions and refined using a ridging model. The N-H hydrogen atoms were refined as disordered over all four positions with occupancies of 50 % each. CCDC-829928 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Crystal data: Thus, the intramolecular dipole moment in these tetrapyrroles is positioned along a β−β vector passing through two pyrrole rings. This is opposite to the situation of the frequently used 5,15-A 2 BC porphyrins where the dipole moment is oriented along a meso-meso axis. We have elaborated syntheses of the 5,10-A 2 B 2 porphyrins using transition metal catalyzed transformations of 5,10-A 2 porphyrins or direct substitutions reactions thereof which give the target molecules in 22-77 % overall yield. The compounds exhibit interesting structural, spectroscopic and optical features and can serve as building blocks for new porphyrin arrays and applications.
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Introduction
Porphyrins are important natural products and industrially relevant dyes. Although their basic structure and chemistry has been known now for almost a century, research into their chemistry and technical and biomedical uses continues apace. Indeed, the last quarter of a century has seen an almost explosive growth of new porphyrinoid, pyrrole-based chromophores. After the landmark discovery of porphycene as a C-skeleton isomer of porphyrin by Vogel [1] and the calixphyrins [2] related to Baeyer's "Azetonpyrrol" [2b] a whole cornucopia of expanded, contracted and isomeric porphyrins, and cyclopyrroles have been -and continue to be -discovered. [2c,2d] In light of this quest for ever more elaborate porphyrinoid systems it might come as a surprise to the nonspecialist that many important classes of the chemically simpler, "true" porphyrins, i.e., 18π-aromatic tetrapyrrolic systems have remained elusive until recently. Especially the group of the so-called A x -and ABCD-type porphyrins contained several missing links. This terminology relates to the various regioisomers of meso substituted porphyrins with different residues at the methine bridges. [3] Figure 1 illustrates the constitution of selected members of the porphyrin "alphabet soup". [4] Going back only about a decade, most of the less symmetrical compounds in this series were either unknown or had been prepared merely through mixed condensations in minuscule yields. In practical terms only the symmetric 5,15-A 2 -4 and Supporting information for this article is available on the WWW under http://www.chemeurj.org/ or from the author.
5,10,15,20-A 4 -type 6 systems could be prepared with ease. Especially the A-2 and 5,10-A 2 -type 3 porphyrins remained almost unexplored white specks on the porphyrin landscape. The underlying problem is the propensity of pyrrole compounds to undergo acid-catalyzed scrambling reactions. [5] This negated many total synthesis approaches and even made it problematic to use preformed building blocks such as dipyrromethanes for [2+2] or [3+1] condensation reactions. The only alternative at that time was the use of mixed (aldehyde + pyrrole) condensation reactions. Nevertheless, the required chromatographic work-up and acid instability of certain groups made this prohibitive for, e. g., the ABCD-type systems 10.
[6] In parallel we developed porphyrin syntheses based on the step-wise introduction of functional groups into preformed macrocycles, i.e. through functionalization reactions. This goes back to our initial observation that porphyrins can be substituted in high yield at the meso positions with organolithium reagents, [7] and by now has evolved to a strategy which utilized various organometallic reactions for the step-wise transformation of unsubstituted porphyrin (2, A = H) A-AB-ABC-ABCD-type porphyrins. [4, 8] Next to access to porphine, [9] this strategy required access to the monosubstituted porphyrins 2 and appropriate synthetic routes were developed by us based on condensation and substitution reactions.
[10] Logical construction of the ABCD-type systems 10 via step-wise functionalization also required a means to introduce a second meso substituent in a neighboring meso position, i.e. a way to generate the 5,10-regioisomers. Of the two possibilities, use of an appropriate precursor, e. g., reaction of tripyrrane [11a] with pyrrole and aldehyde, or exploitation of the regioselectivity of S N Ar reactions in porphyrins, [11b] both could be used to develop an entry into the 5,10-A 2 -type systems 3. [10b,12] Thus, only the 5,10-A 2 B 2 porphyrins remained an unexplored entity in the world of meso substituted porphyrins. Here, we present general synthetic routes for the preparation of these A 2 B 2 -type porphyrins and discuss some of their properties. [13] Results and Discussion Synthetic rational and brief review of the literature: Current application developments indicate a considerable demand for unsymmetrically substituted porphyrins. Examples for this are amphiphilic porphyrins in photodynamic cancer therapy (PDT), [14a] synthons for crystal engineering and supramolecular chemistry, [14b] push-pull systems for biomimetic studies on electron transfer, [14c] and uses in optics, esp. in nonlinear optics (NLO).
Porphyrins of type 8 require a step-wise functionalization or a total synthesis.
[8] While the precursor 5,15-A 2 porphyrins 4 are easily obtained in high yield [15] introduction of the two different meso substituents B and C requires first an appropriate monofunctionalization for the introduction of B (e. g., monobromination and then C-C coupling) and then introduction of C; alternatively for a one-pot reaction with R 1 Li/R 2 I is possible. [7b,7f] In a fundamental sense this yields porphyrins with an intramolecular dipole moment aligned along a 5,15 meso-meso axis (Fig. 2, 8) . The 5,10-A 2 B 2 type systems are accessible more easily. They require no selective monofunctionalization, rather a double substitution of the "free" 15,20-positions (e. g., unspecific dibromination and then C-C coupling; see Scheme 2). Here, only two different substituents (A and B) are required to construct unsymmetrical systems. Thus, in the case of electron withdrawing/donating groups porphyrins will be obtained where the dipole moment passes through the middle of two opposing β−β units (N•••N) (Fig. 2, 9) . 5,10-Disubstitued porphyrins were first reported by Longo but not characterized. [16a] In the early 21st century examples for condensation reactions, [16b] total syntheses [16c] and N-confused derivatives [16d] were reported. This was then followed by the more general methods described above for porphyrins [10b,12] and calixphyrins. [16e] This opened the possibility to use the 5,10-A 2 porphyrins as simple starting materials for the synthesis of 5,10-A 2 B 2 systems as outlined above. A few 5,10-A 2 B 2 compounds have been reported before; however, all were prepared in low yields through statistical condensation methods using pyrroles, dipyrromethanes or tripyrranes with the usual attendant problems of tedious chromatographic separation, scrambling and other limitations.
[17] The only exception is Lindsey's elegant study on the development of total syntheses using diacyldipyrromethanes. This method was successfully used to prepare three compounds with aryl substitutents. [6a] Based on the current state of the art in porphyrin functionalization reactions there are several methods for the instruction of the B residue into an A 2 porphyrin. The majorities of them employs organometallic reagents and are discussed in subsequent sections.
Synthesis via RLi reactions:
Based on our earlier experience with the use of organolithium reagents for the meso functionalization of porphyrins, [7] it was logical to apply these for the current problem as well. For initial experiments we used the nickel(II)porphyrin 11, which typically shows good reactivity with RLi. In order to achieve "full" substitution of both 15,20 meso positions we used 6 equivalents of hexyllithium. Indeed, the target compound 17 was obtained in 58 %. The different reactivity of free base and metallo porphyrins became evident when a similar experiment was performed with 12. Here, a low yield of the monosubstituted porphyrin 18, i.e. an 5,10-A 2 B system, was obtained. Full, disubstitution to 19 was only achieved when the number of hexyllithium equivalents was raised to 10. A similar reactivity was found for 13 which could be transformed into 20 in 26 %. Use of n- 
Scheme 1. Synthesis of 5,10-A 2 B 2 -porphyrins using organolithium reagents. i) 1. R 2 Li, THF, 2. H 2 O, 3. DDQ.
Synthesis via Heck reactions:
The Heck reaction requires a bromo-substituted coupling partner and thus preparation of bromoporphyrins was the first step. DiMagno et al. [19] had shown that 5,15-A 2 porphyrins can easily be brominated with NBS in both meso positions and the same conditions could be applied straightforwardly to the 5,10-A 2 -type systems. Using the ditolylporphyrin for exploration of this reaction it was brominated to 29. In order to prevent the incorporation of Pd from the catalysts we transformed it into the respective zinc ( Scheme 2. Synthesis of 5,10-A 2 B 2 -porphyrins using Heck reactions. i) NBS, pyridine, CHCl 3 ; ii) ZnO, CH 2 Cl 2 , TFA or Ni(acac) 2 , toluene, Δ; iii) Pd(OAc) 2 , NaOAc, PPh 3 , DMF, Δ.
Synthesis via Suzuki reactions:
Next we focused on applications of the Suzuki reaction for the task at hand. Suzuki reactions have been very fruitfully applied to porphyrins and offer the advantage that no prior metallation is necessary.
[20] Again, bromoporphyrins are required as coupling partners and, in addition to the ones mentioned above, a few more (36) (37) (38) (39) (40) were synthesized to gain access to a broader range of A/B substituent systems. Likewise, two new 5,10-A 2 porphyrins (41,42) were prepared using condensations reactions. By now optimized catalyst/base systems have been established for Suzuki reactions with 5,15-A 2 systems.
Reactions with the electron poor 2,3-difluorophenylporphyrins proceeded poorly with yield ranging from 22 to 30 %. Clearly, the Suzuki reaction provides convenient access to various 5,10-A 2 B 2 -type porphyrins. Still, some scope for optimization exists. A number of the free base porphyrins prepared from the reactions described above, were converted into the respective zinc(II) porphyrins for comparative photophysical analyses. The metalloporphyrins 63-68 were obtained through standard reactions in good yield. 
68
(81 %) NO 2
Zn
Functionalization reactions: The target systems can also be prepared through simple functionalization reactions. Examples for this are the partial reduction of nitro groups in, e.g., a tetranitrophenylporphyrin. [21a] Perhaps not elegant in synthetic chemistry terms such strategies offer a quick entry into various systems and have recently been used to generate 5,10-type precursors for Huisgen Cu(I) coupling chemistry.
Other, "simple" reactions may be performed as well. For example, the Vilsmeier formylation [22a] has been used often for the modification of porphyrins. [22b-d] Using "excess" conditions it can be used to diformylate metallo octaethylporphyrins [22c] and 5,15-A 2 -type porphyrins; [22d] but mostly gives mixtures of the mono-and diformyl product. In the case of the 5,10-A 2 porphyrin 69 standard Vilsmeier-Haack formylation gave the respective 5,10-A 2 (CHO) 2 -porphyrin 70 in very good yield (77 %) and as the sole product (Scheme 4). Other possibilities for selective functionalizations are the use of (e.g., 41) organotin reactions. [23] Structural studies: In order to establish some basic structural features of the 5,10-A 2 B 2 -type porphyrins a X-ray crystallographic analysis of compound 29 was performed. The molecular structure in the crystal is shown in Figure 3 . Overall, the structural properties are similar to those of 5,15-A 2 B 2 -and A 4 -type porphyrins. There is no evidence for core elongation or other changes to the core structure. For example, the core size (average N … Ct distance) is 2.064 Å and similar to that of 5, 10, 15, . [24] Similarly, the bond lengths and angles of the tetrapyrrole framework are in line with "normal" porphyrin systems.
NLO properties:
Conclusion
We here present a conceptionally new class of push-pull porphyrins i.e., 5,10-A 2 B 2 porphyrins with the intramolecular dipole moment positioned along the β−β vector passing through two pyrrole rings. Starting from 5,10-A 2 precursors, numerous 5,10-A 2 B 2 compounds with varied push-pull character can be obtained using ogranolithium, palladium catalyzed cross coupling or other functionalization reactions. These approaches allow the synthesis in moderate to good yields and open an avenue for further studies on these yet poorly explored compounds.
The 5,10-A 2 B 2 compounds are candidates for many potential applications. Inequivalent substituents can be used to bring in about an amphilic character of the molecule which turns those compounds into drug candidates for PDT applications. The push-pull character can be tuned via A and B substituents and makes 5,10-A 2 B 2 porphyrins an interesting group of compounds for ET studies and optics, especially NLO. Our preliminary NLO studies indeed revealed that those compounds exhibit interesting properties in this area. 5,10-A 2 B 2 type systems can also be used as crystal engineering synthons to access new supramolecular structures. For example, Maeda et al. reported recently on L-shaped porphyrin trimers which assemblies exhibited efficient ET. Those compounds were prepared via functionalisation of 5,10-A 2 B 2 dibrominated precursor with appropriate 5,15-A 2 BC porphyrins. [32] 5,10-A 2 B 2 porphyrins may also serve as new ligand systems, as was shown recently for the related calixphyrins. [33] Experimental Section General methods: Instrumentation and standard techniques used were as described elsewhere.
General procedure A -Condensation method for 5,10-A2 porphyrins: A threenecked flask was charged with a solution of tripyrrane (1 equiv.), pyrrole (1equiv.), and the corresponding aldehyde (2.1 equiv.) in dry CH2Cl2 (1 L). The mixture was shielded from light and stirred under argon for 30 min. TFA (100 %) was added and stirring was continued at RT for 16 h. This was followed by oxidation with DDQ (4 eq.), stirring for 60 min, and addition of triethylamine (1 mL). Typically, the reaction mixture was filtered through a short silica-gel column, eluting with CH2Cl2, then the solution was concentrated in vacuo and the residue purified by column chromatography on silica gel.
General procedure B -Reactions with organolithium compounds: A 250 mL Schlenk flask was charged with the porphyrin (1 equiv.) in 50 mL THF under argon. The solution was cooled to -70 °C for alkyl lithium reagents or 0 °C for aryl lithium reagents. The respective LiR compound was added drop wise over 15 min and the color changed from red to brown-green. The cold bath was removed and the solution was stirred for 30 min at RT. A mixture of 1 mL in 5 mL THF was added and the color changed to green. The mixture was stirred for 15 min and, unless noted otherwise, oxidized with DDQ (5.5 equiv.) followed by stirring for 30 min. This was accompanied by a color change to red. The solution was filtered through silica gel (CH2Cl2) and the solvent removed under reduced pressure. For in situ preparation of RLi reagents nbutyllithium (2 equiv.) was slowly added (ca. 1 h) under an argon atmosphere to a 100 mL Schlenk flask charged with a solution of the bromine (1 equiv.) in 10 mL dry diethyl ether at -78 °C. The reaction mixture was then warmed up to -40 °C and THF was added drop wise until the aryllithium was formed as a bright pink suspension. To this vigorously stirred mixture was added rapidly a solution of the porphyrin (0.9 equiv.) in 80 mL dry THF under an argon atmosphere. The color of the reaction mixture changed from purple to brown within 30 min, subsequently 5 mL water in 5 mL dry THF was added for hydrolysis. After stirring the mixture for 10 min, a solution of 10-15 equiv. of DDQ in CH2Cl2 was added and the reaction mixture was stirred for another 60 min at RT.
General procedure C -Bromination of 5,10-A2 porphyrins: A 100 mL round bottom flask was charged with the porphyrin (1 equiv.) dissolved in chloroform (50 mL) and pyridine (0.2 mL) and was cooled to 0 °C. Next N-bromosuccinimide (NBS) (2.5 equiv.) was added and the solution stirred for 10 min. The color changed from red to brown-red. The reaction was then quenched via addition of 4 mL acetone. The solvent was removed under reduced pressure, the residue dissolved in CH2Cl2 and filtered through silica gel (CH2Cl2). The solvent was removed under reduced pressure and the residue was washed with MeOH and dried.
General procedure D -Insertion of zinc(II):
The free base porphyrin (1 equiv.) and zinc oxide (2-3 equiv.) were dissolved in CH2Cl2 (50 mL) and treated with three to five drops of TFA. After stirring for 10 min the color changed from green to purple-red. The reaction was followed by TLC control and the solution filtered through silica gel (CH2Cl2) and the solvent removed under reduced pressure.
General procedure E -Heck reactions: A 50 mL three-necked flask equipped with condenser was charged with the zinc(II)porphyrin (10 equiv.), sodium acetate (56 equiv.), palladium acetate (1 equiv.) and triphenylphosphine (4 equiv.) in 15 mL dry DMF under argon. Next, the respective olefin was added and the solution heated at 120 °C for 24 h. The reaction was followed by TLC control. After completion of the reaction the solution was cooled to RT and extracted with CH2Cl2, washed with water (50 mL) and dried over Na2SO4. The solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2. The solution was filtered through alumina (Brockmann grade III) (eluent: CH2Cl2, 1 % triethylamine) and the solvent was removed under reduced pressure. Final purification involved recrystallization from CH2Cl2/n-hexane.
General procedure F -Suzuki reactions:
A Schlenk flask was charged with K3PO4 (20 equiv.) and anhydrous THF (60 mL) under an argon atmosphere, then porphyrin (1 equiv.), arylboronic acid or arylboronic ester (10 equiv.) and Pd(PPh3)4 (0.1 equiv.) were added. The reaction was heated at reflux for 7-10 h (TLC control) and protected from light. After completion, the solvent was evaporated and the residue was dissolved in CH2Cl2. The mixture was washed with saturated NaHCO3, water, and brine and then dried over Na2SO4. The organic solvent was evaporated and the crude product was purified by flash chromatography followed by recrystallization.
General procedure G -Insertion of nickel(II): Porphyrin (1 equiv.) and Ni(acac)2 (1.1 equiv.) were dissolved in toluene (20 mL) and heated to reflux. The progress of the reaction was monitored by TLC. Upon completion, the solvent was removed in vacuo and the product was isolated after passage through a plug of silica gel using CH2Cl2 as the eluent.
5,10-Bis(2,6-difluorophenyl)porphyrin 16: Following the general procedure A, tripyrrane (0.500 g, 2.22 mmol), pyrrole (0.154 mL, 2.22 mmol) and 2,6-difluorobenzaldehyde (0.788 g, 5.55 mmol) were added to a dry CH2Cl2 solution (1 L). After 30 min, TFA (0.15 mL) was added and stirring was continued for 16 h. DDQ (2.015 g, 8.88 mmol) was added and the crude product was purified by column chromatography (CH2Cl2/n-hexane = 1:2, v/v) = 14.10, 22.65, 30.05, 31.77, 34.20, 37.41, 117.58, 118.20, 126.83, 127.57, 129.51, 129.81, 131.94, 132.22, 133.62, 140.92, 141.66, 141.74, 141.97,142.03 5-(n-Hexyl)-10,15-bis(4-methylphenyl)porphyrin 18: 5,10-Bis(4-methylphenyl)porphyrin 12 (32 mg, 0.07 mmol) was reacted with a 2.5 M solution of nhexyllithium in n-hexane (0.22 ml, 0.39 mmol, 6 equiv.) following procedure B. Purification on silica gel (CH2Cl2/n-hexane = 1:1, v/v) and recrystallization from CH2Cl2/MeOH gave purple crystals (12 mg, 0.02 mmol, 18 % 12, 21.53, 22.73, 29.70, 30.28, 31.93, 38.78, 104.11, 118.95, 120.02, 120.11, 127.19, 127.58, ~131, 134.38, 134.60, 137.26, 138 .81 ppm; UV/VIS (CH2Cl2): λmax (lg ε) = 413 (4.99), 510 (4.19), 545 (3. 21.50, 22.75, 30.28, 31.93, 35.65, 38.81, 118.81, 119.81, 127.38, ~128, ~131, 134.42, 139 .47 ppm; UV/VIS (CH2Cl2): λmax (lg ε) = 419 (4.92), 517 (3.82), 554 (3.61), 595 (3.34) Following procedure B, n-butyllithium (4 mL of 2.5M solution in n-hexane, 10 mmol) was slowly added (ca. 1h) under an argon atmosphere to a 100 mL Schlenk flask charged with a solution of p-bromophenylethyne (0.91 g, 5.0 mmol) in 15 mL of dry diethyl ether at -70 °C. The reaction mixture was then warmed to -40 ºC and THF was added drop wise until the aryllithium was formed as a white/pink suspension. To this vigorously stirred mixture was added rapidly a solution of 5,10-bis(4-methylphenyl)porphyrin 12 (56 mg, 0.125 mmol) in 50 mL of dry THF. The color of the mixture changed from deep purple to brown within 30 min, subsequently a mixture of 5 mL water in 5 mL of THF was added for hydrolysis. After stirring of the mixture for 20 min, a solution of DDQ (283 mg, 1.25 mmol) in CH2Cl2 was added and the reaction mixture was stirred for another 60 min at RT. The crude product was subjected to column chromatography using CH2Cl2/n-hexane (1:1, v/v) to give 24 mg (0.034 mmol, 31 %), of a purple solid after recrystallization from CH2Cl2/MeOH. Rf = 0.73 (CH2Cl2/n-hexane = 1:1, v/v); m.p. >300 °C; 20.78, 27.29, 112.81, 123.21, 126.81, 128.53, 129.33, 131.04, 131.61, 132.49, 133.88, 136.96, 139.20, 144.93, 148.25, 148.83, 149.32, 149.98, 196.33 [5, porphyrinato]zinc(II) 30 (100 mg, 0.140 mmol), was dissolved in DMF (50 mL) under a nitrogen atmosphere. The 3-nitrostyrene (1.36 mL, 9.8 mmol), sodium acetate (65 mg, 0.784 mmol), palladium acetate (3.1 mg, 0.014 mmol) and triphenylphosphine (14.7 mg, 0.056 mmol) were added and the temperature was raised to 120 °C for 16 h (TLC control). The crude product was extracted with CH2Cl2 and washed with water. The product was purified by silica gel column chromatography using CH2Cl2/n-hexane (1:1, v/v) 27, 119.16, 130.96, 131.41, 132.32, 138.26, 148.31, 151 .67 ppm; UV/VIS (CH2Cl2): λmax (lg ε) = 405 (5.03), 500 (4.09), 532 (3.47), 573 (3.73), 627 nm (3. 105. 33, 118.30, 118.99, 122.62, 129.98, 130.08, ~131, 135.81, 135.95, 140.54 X-ray single crystal structure determination of 29: Growth and handling of crystals followed the concept developed by Hope. [36] Intensity data were collected at 118 K with a Rigaku CCD system utilizing Mo-Kα radiation (λ = 0.71073 Å). The intensities were corrected for Lorentz, polarization and extinction effects. The structure was solved with Direct Methods using the SHELXTL PLUS program system and refined against |F 2 | with the program XL from SHELX-97 using all data. [37] Nonhydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were placed into geometrically calculated positions and refined using a ridging model. The N-H hydrogen atoms were refined as disordered over all four positions with occupancies of 50 % each. CCDC-829928 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Crystal data: C34H24Br2N4. 
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